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HYPERLIPIDEMIA IS A WELL-KNOWN risk factor in development of cardiovascular diseases, as it contributes to the formation of atherosclerotic plaques in coronary vessels (1, 16) . Many studies suggested that cardiovascular risk factors such as diabetes, aging, hypertension, and hyperlipidemia (11) attenuate the protective action of preconditioning (10, 15, 19) and postconditoning (11, 21, 29) in the heart independently from coronary atherosclerosis. However, the underlying molecular alterations in hyperlipidemia attenuating the adaptation of the ischemic heart remain unknown.
Among the six connexin types found in the heart, connexin 43 (Cx43) is the dominant one in the ventricles, taking part in gap junction formation and thus in electrical and chemical coupling of cardiomyocytes. Under physiological conditions, most of the Cx43 in cardiomyocytes is in the phosphorylated state (37) . Hyperlipidemia is associated with enhanced oxidative-nitrosative stress (9, 28) . Increased oxidative stress under pathophysiological conditions alters Cx43 lateralization (39) . Indeed, a high-fat diet increased the lateralization of Cx43 in female rats resulting in an increased incidence of ventricular arrhythmias (2) , and total myocardial Cx43 content was decreased in rabbits subjected to cholesterol-enriched diet (23) .
Loss of myocardial Cx43 in heterozygous Cx43-deficient mice abolished the cardioprotection achieved by ischemic or pharmacological preconditioning (18, 38) . The loss of protection was, however, dependent on Cx43 being located in mitochondria (5, 36) rather than the sarcolemma (35) .
Since changes in cardiac mitochondrial Cx43 in hyperlipidemia have not yet been analyzed, we determined total and mitochondrial Cx43 levels in rats fed a cholesterol-rich diet. Furthermore, ischemic and preconditioned rat hearts were examined whether changes in mitochondrial Cx43 might be involved in attenuated cardioprotection in hyperlipidemia.
MATERIALS AND METHODS

Experimental Design
The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health (National Institutes of Health publication 85-23, revised 1996), and it was approved by a local animal ethics committee of the University of Szeged.
Male Wistar rats (250 g) were fed normal (n ϭ 18) or 2% cholesterol-enriched rat chow (n ϭ 18) for 12 wk. High-cholesterol diet induced moderate hyperlipidemia without substantial atherosclerosis in this species (12) . At the end of the diet, animals were anesthetized with diethylether and given 500 U/kg heparin.
Cx43 content before ischemia-reperfusion. Hearts were isolated and perfused according to Langendorff with Krebs-Henseleit buffer. Hearts from normal (n ϭ 6) and cholesterol-fed rats (n ϭ 6) were perfused for 10 min at first part of experiment.
Cx43 content following ischemia-reperfusion. Then following hearts in both diet-groups were subjected to a no-flow ischemiainduced preconditioning protocol (3 ϫ 5-min ischemia and 5-min reperfusion) or a time-matched nonpreconditioning protocol each followed by test ischemia-reperfusion (30-min global normothermic ischemia followed by 5-min or 120-min reperfusion, respectively) n ϭ 6 in each group (Fig. 1) .
Measurement of Tissue Cholesterol Level
To determine the tissue cholesterol content of normal and cholesterol-fed myocardial samples a gas chromatographic-mass spectrometric measurement was carried out according to the method published by Luzon-Toro et al. (26) .
The sample extraction based on the method of Bligh and Dyer (4) . Approximately 50 mg frozen rat heart powder were weighted into a capped glass tube, and then immediately 2 ml dilution solution (HPLC grade chloroform and ULS/MS grade methanol, 1:2) and the internal standard solution (100 l, 100 g/ml stigmasterol) were added and vortexed to extract the lipids. After that the crude extract was mixed with chloroform and subsequently with distilled water. The sample solution was centrifuged at 1,000 RPM for 5 min at room temperature to give a two-phase system (aqueous top, organic bottom). The bottom phase was recovered and evaporated to dryness under slight nitrogen stream. The lipid extract was derivatized with freshly prepared 50 l N-methyl-N-(trimethylsilyl)-trifluoroacetamide in 100 l acetonitrile. Samples were then incubated at 60°C for 30 min.
The GC-MS measurement was carried out on HP-5 (5% phenyl-95% dimethylpolysiloxan) column with helium carrier gas. During the initial chromatographic run, the retention and fragmentation pattern of the standard compounds were determined. The applied chromatographic setup gave a retention time for cholesterol and the stigmasterol of 15.58 and 17.99 min, respectively. The quantitation was carried out in target ion mode and the qualificat ion was made by three selected characteristic fragment ions. In the case of cholesterol, the target ion was m/z 129 and the qualy ions were the m/z 329, 368, and 353; in the ratio of 73.9, 57.4, and 32.1, respectively, to the target ion. In the case of stigmasterol, the target ion was m/z 83 and the qualy ions were the m/z 129, 255, and 394; in the ratio of 66.7, 45, and 36, respectively, to the target ion.
The GC-MS system was controlled and the acquired data were evaluated by the MSD Chemstation E.01.01 335 software and the NIST Mass Search Program v.2.0 with the NIST Mass Spectral Library v.05.
Indicators of Oxidative and Nitrosative Stress
Cardiac superoxide production in freshly minced ventricles was assessed by lucigenin-enhanced chemiluminescence in normal and cholesterol-fed groups. Approximately 100 mg of the apex of the heart were placed in 1 ml air-equilibrated Krebs-Henseleit solution containing 10 mmol/l HEPES (pH 7.4) and 5 mol/l lucigenin. Chemiluminescence was measured at room temperature in a liquid scintillation counter using a single active photomultiplier positioned in out-ofcoincidence mode in the presence or absence of the superoxide scavenger nitroblue tetrazolium (NBT; 200 mol/l). NBT-inhibitable chemiluminescence was considered an index of myocardial superoxide generation. It should be noted that NBT, like other superoxide scavengers, is not entirely specific for superoxide. Cardiac free 3-nitrotyrosine level was measured by ELISA (Cayman Chemical) from normal and cholesterol-fed heart tissue samples. Briefly, supernatants of ventricular tissue homogenate were incubated overnight with anti-nitrotyrosine rabbit IgG specific to free 3-nitrotyrosine and nitrotyrosine acetylcholinesterase tracer in precoated (mouse anti-rabbit IgG) microplates followed by development with Ellman's reagent. Free nitrotyrosine content was normalized to protein content of cardiac homogenate and expressed as nanograms per milligram protein.
Isolation of Mitochondria Samples
Mitochondrial isolation procedure was performed according to Boengler et al. (5) . Briefly, fresh heart tissue were minced with scissors in ice-cold isolation buffer (250 mM sucrose, 10 mM HEPES, and 1 mM EGTA pH 7,4). The blood was washed out with buffer, and heart tissues samples were homogenized by ultraturrax homogenizator for 3 ϫ 5 s. The homogenate was centrifuged at 480 g for 10 min, and the supernatant was filtered through a nylon filter (250-m pore size) and then centrifuged again at 10,780 g for 10 min. The pellet containing mitochondria was resuspended in isolation buffer and then centrifuged again at 7,650 g for 20 min. Then, the pellet was resuspended in 50-l isolation buffer and layered onto 30% Percoll solution and ultracentrifuged at 35,000 g for 30 min. The lower band reflecting intact mitochondria was collected and washed in isolation buffer by centrifugation at 8,000 g for 5 min.
Infarct Size Determination
At the end of the perfusion protocols, hearts were frozen, sliced, and incubated at 37°C in 1% triphenyltetrazolium chloride to delineate infarcted tissue. Slices were then fixed and quantified by planimetry using Infarctsize 1.0 software (Pharmahungary, Szeged, Hungary) as previously described by Csonka et al. (8) .
Measurement of Cx43
The Cx43 level in heart samples and in isolated mitochondria was determined by Western blotting. Heart powder samples were homogenized by ultrasonic homogenizator at maximum power, 90% sonication time for 2 ϫ 20 s. The protein concentrations of total heart and mitochondria fractions were determined by the bicinchoninic acid assay (Pierce). Twenty-microgram samples were loaded on SDS-PAGE (10%) followed by the transfer of proteins onto a nitrocellulose membrane (400 mA, 1 h). Membranes were then blocked overnight at 4°C in TBS-T (0.1% Tween-20) and 5% skimmed milk powder. Membranes were incubated either with rabbit polyclonal anti-rat Cx43 (Zymed) or mouse monoclonal anti-succinate dehydrogenase (Molecular Probes), rabbit polyclonal anti Na-K-ATPase ␣-1 (Upstate), and mouse monoclonal anti-actin (BD Biosciences) antibodies for 1.5 h at room temperature and horseradish peroxidase-conjugated rabbit antimouse or goat anti-rabbit secondary antibody (Dako) for 40 min. Membranes were then developed with an enhanced chemiluminescence kit (GE HealthCare), exposed to X-ray (Kodak) film and scanned. Band density was calculated by integrating the area (in pixels ϫ intensity, expressed in arbitrary units).
Cx43 level of intercalated discs were detected by immunohistochemistry. Fresh frozen sections (10 um) of hearts were fixed in fresh acetone for 5 min. After being allowed to dry at room temperature for 30 min, the sections were blocked with 5% BSA (Sigma) in TBS for 15 min. Incubation with the primary antibody [monoclonal mouse anti-Cx43 (GAP1, 1:100; Refs. 3, 41)] was carried out at room temperature for 1.5 h in a humidified chamber. The sections were washed 3 ϫ 5 min in TBS and incubated in secondary antibody (FITC-conjugated anti-mouse) (Dako) diluted in TBS (1:300) for 40 min. Sections were mounted on a slide in Faramount mounting medium (Dako). Images of immunostained sections were captured using a fluorescent microscope (Nikon, Labophot 2). At least eight random images were collected on each heart muscle sample stained for Cx43. Digital single channel images were transformed into 8-bit black-and-white format and were analyzed using the ImageJ 1.29x software (Wayne Rasband, NIH). At standard threshold settings, which ensured that only specific signals were considered and the background was excluded, the area fraction of Cx43 immunofluorescent dots and plaques was measured on each image. Then, immunofluorescent plaques (size Ն50 pixels) were measured separately representing the intercalated disc fraction. The ratio of intercalated disc intensity and total intensity in each group was summarized in graphs.
Statistical Analysis
Results are expressed as means Ϯ SE. Student's t-test or two-way ANOVA followed by least significant difference post hoc tests was used to evaluate differences in mean values between groups. Differences were considered significant at P Ͻ 0.05.
RESULTS
Effects of Cholesterol Diet on Oxidative/Nitrosative Stress
Tissue cholesterol and cardiac superoxide contents were significantly higher in the myocardium after a 12-wk cholesterol-enriched diet (Table 1 ). In contrast, tissue nitrotyrosine (ELISA), indicative of reactive nitrogen species formation, was not significantly different between normal and cholesterol-fed rat hearts.
Effects of Cholesterol Diet on Total and Mitochondrial Cx43
Total myocardial Cx43 content remained unchanged following 12 wk of cholesterol-rich diet (Western blot; Fig. 2 ). Cx43 localized at the intercalated discs was significantly decreased by hyperlipidemia (Fig. 3, A and B) .
In mitochondrial fractions (succinate dehydrogenase enriched) not contaminated with sarcolemma (no signal for Na-K-ATPase, Fig. 4A ), Cx43 content was also decreased approximately by 50% in cholesterol-fed compared with normal-fed rats (Fig. 4B ).
Cx43 Expression in Preconditioned Hearts
Neither ischemia-reperfusion nor ischemic preconditioning influenced the total cardiac Cx43 level (sum P o , P 1 , P 2 signal intensities) in normal and cholesterol-fed rats (Fig. 2) . However, there was an increase in P o with ischemia that was partially reversed by preconditioning in both cholesterol and normal-fed rats. At 5-min reperfusion following 30-min global ischemia, the total and dephosphorylated mitochondrial Cx43 content was increased, which was significantly decreased by ischemic preconditioning in case of both normal and high-cholesterol diet (Fig. 4B) .
Infarct Size
Infarct size was 29 Ϯ 2% in normal ischemic/reperfused heart, whereas it was significantly reduced to 9 Ϯ 2% following ischemic preconditioning. The protective effect of ischemic preconditioning was abolished in cholesterol-fed rats (Fig. 5) .
DISCUSSION
The present study demonstrated the intracellular redistribution of Cx43 in hyperlipidemia. Here we showed that cholesterol feeding did not affect the total expression of Cx43, while the mitochondrial total content and dephosphorylated Cx43 content as well as gap junctional Cx43 were Fig. 3 . Morphometric analysis of Cx43 in intercalated discs of rat hearts. A: immunofluorescent staining of Cx43 in longitudinal sections of myocardium in normal and cholesterol-fed control hearts. B: quantification in a bar diagram shows the ratio of intercalated disc and total Cx43 content in those groups. Data are means Ϯ SE. *P Ͻ 0.05, Student's t-test; n ϭ 6 in both groups. Fig. 4 . Mitochondrial Cx43 in control, I/R, and IP rat hearts. A: Western blot analysis of the isolated mitochondria and total heart samples for anti-Na-KATPase (specific for plasma membrane) and anti-succinate-dehydrogenase (specific for mitochondria). B: Cx43 and succinate-dehydogenase protein level in mitochondria isolated from all groups. Bar graphs represent the mitochondrial Cx43/succinate-dehydrogenase (SuccDH) level in all groups. Data are means Ϯ SE. *P Ͻ 0.05 vs. normal-diet control, two-way ANOVA; n ϭ 6 in each group.
decreased concomitantly with a significant increase in cardiac superoxide levels. Protective effect of preconditioning was found to be lost in hyperlipidemia. Both total fraction and dephosphorylated fraction of mitochondrial Cx43 were increased by ischemia-reperfusion and reduced by preconditioning in case of both normal and cholesterol diets.
Hyperlipidemia and Cx43 Content and Distribution
In this rat model, a 12-wk cholesterol-enriched diet induced mild hyperlipidemia independently from atherosclerosis (34) . In the present study, mild hyperlipidemia did not alter total myocardial Cx43 protein expression. In contrast, strong hyperlipidemia, which can be induced by a 12-wk cholesterolenriched diet in rabbits, caused downregulation of total myocardial Cx43 protein and also its redistribution (23) . In the present study, intracellular Cx43 distribution was altered as the gap junctional Cx43 content was decreased in cholesterol-fed rats. The present results in male rats confirmed previously published data in cholesterol-fed female rats in which hyperlipidemia resulted in lateralization of Cx43 at the sarcolemma (2). Altered Cx43 protein levels, Cx43 phosphorylation, and/or Cx43 lateralization were already detected under a variety of pathophysiological conditions of the heart (20, 33, 40) . The mechanism by which hyperlipidemia may influence Cx43 localization and content is not known in detail.
Sarcolemmal and mitochondrial membrane composition is influenced by high-cholesterol diet (10) . Biphasic effects of cholesterol for membrane associated connexin channel activity were already shown (24) : direct association of cholesterol with membrane proteins opened, while indirect action of cholesterol via alterations in membrane thickening closed and inactivated, the channels. Furthermore, hyperlipidemia could have an indirect effect on Cx43 expression and Cx43-formed channel activity. In endothelial cells, Cx43 trafficking was altered by oxidative stress (22) . Accordingly, in the present study enhanced superoxide levels were detected in cholesterol-fed rat hearts, offering an explanation why Cx43 content was reduced in myocardial intercalated discs and mitochondria of cholesterol-fed rats. However, increased superoxide did not result in an increased cardiac nitrotyrosine level in cholesterol-fed rats in the present study. This is probably due to a decrease in cardiac NO content in hyperlipidemia as shown by our previous studies (12, 13) .
Cx43 in Ischemia-Reperfusion and Preconditioning
Cx43 is present at the inner membrane of subsarcolemmal mitochondria (5, 7), increasing potassium influx into the mitochondrial matrix (27) through ATP-dependent potassium channels (36) . Furthermore, mitochondrial Cx43 increases cardiomyocyte ROS formation during ischemia-reperfusion (18) . Genetic deficiency of Cx43 (38) or decreased mitochondrial import of Cx43 (35) to Ͻ50% of normal attenuates the infarct size reduction by ischemic or diazoxide-induced preconditioning in mice and rat hearts (35, 38) .
In the present study, mitochondrial Cx43 content in hyperlipidemic rat hearts was reduced to ϳ50% of the content measured in mitochondria obtained from rats fed a normal diet, and this decrease in mitochondrial Cx43 content was associated with the loss of ischemic preconditioning's cardioprotection. A similar association between a reduced mitochondrial Cx43 content and a loss of infarct size reduction by ischemic preconditioning was seen in aged hearts (6) . Mitochondrial Cx43 content was slightly higher following the prolonged ischemic period in pig myocardium (5) . In our present study, a similar tendency towards an increase in mitochondrial Cx43 at 5-min reperfusion following the prolonged ischemic period was seen in both normal and hyperlipidemic rats, thereby extending the previous observation (7) towards early reperfusion.
Ischemic preconditioning increased mitochondrial Cx43 content before (35) and at the end of the sustained ischemic period (5); however, in contrast to the previous studies, ischemic preconditioning reduced mitochondrial Cx43 content at 5-min reperfusion following the prolonged ischemic period in normal and hyperlipidemic rats. Similarly, ischemic postconditioning limited the migration of phospho-Cx43 to mitochondria following the prolonged ischemic period in isolated rat hearts (31) . Such a decrease in mitochondrial Cx43 following ischemia-reperfusion in pre-and postconditioned hearts could contribute to protection, since mitochondrial Cx43 was proposed as a regulator of apoptosis in neonatal myocytes after simulated ischemia and reoxygenation (17) .
Study Limitations
The present study describes an association between loss of mitochondrial Cx43 and the loss of cardioprotection by ischemic preconditioning but does not finally prove any cause-effect relationship. The loss of preconditioning in hyperlipidemia might also be due to changes in signal transduction cascades not related to Cx43. Increased oxidative stress, decreased myocardial NO content, inhibition of the mevalonate pathway, disruption of the cGMP-PKG due to increased PKG dimerization, and alteration in a variety of gene expression in the myocardium might all contribute to the loss of preconditioning in hyperlipidemia (10 -12, 14) . Moreover, hyperlipidemia and atherosclerosis are known to be associated by increased cardiovascular oxidative and nitrosative stress, which may also alter important proapoptotic and cell survival signaling pathways potentially being involved in the mechanism of preconditioning (25, 30, 32) .
Our immunohistochemical analysis was performed with a different source of Cx43 antibody compared with the one used for Western blot. Immunostaining of heart sections was performed with the antibody GAP1 recognizing the cytoplasmic loop of Cx43 (epitopes 131-142). This site contains a Tyr phosphorylation site, and its phosphorylation state could influence the staining intensity of the immunohistochemical sections.
In conclusion, the majority of preclinical and clinical studies shows that hyperlipidemia, independently of the development of coronary atherosclerosis, worsens the outcome of ischemiareperfusion injury and attenuates the cardioprotective effect of pre-and postconditioning (11) . While the mechanisms for the loss of protection still remain elusive, the present study offers a potential explanation in that hyperlipidemia caused an alteration in one of the main signal transduction element, i.e., a redistribution of the intracellular localization of Cx43 in the heart.
